Introduction
The first (F1) and third (F3) formant transitions are responsible for the English /r/-/l/ contrast [1] . The characteristics of F1 are temporal, whereas those of F3 are spectral. For /r/, the starting frequency of F1 remains stable for little while and the transition begins gradually; its F3 transition shows an upward movement [1] [2] [3] [4] . For /l/, on the other hand, the starting frequency of F1 remains longer, resulting in a steeper transition than that for /r/; its transition of F3 is almost straight or may have a slight downward movement [1] [2] [3] [4] .
Such acoustic characteristics have an effect on perception [1] [2] [3] [4] . When listening to continuous syllables, native speakers of English hear /r/ and /l/ according to the F1 and F3 transitional trajectories. Such a perceptual change can be visualized in identification and discrimination functions. The identification function illustrates how the number of /ra/ responses decreases at the ''categorical boundary'' [5] , a point where listeners start hearing the stimuli as /la/. The discrimination function depicts the highest discrimination performance (''discrimination peak'' [6] ) for a stimulus pair, one member of which belongs to /r/ and the other of which belongs to /l/. In the present study, we investigated whether patterns of these functions are identical for multiple series of the /ra/-/la/ continuum with different end frequencies of transitions under equal transitional conditions.
Stimuli
The terminal frequencies of transitions F1t, F2t, and F3t in Fig. 1 correspond to the first to third formant frequencies (F1, F2, and F3) of the following vowel, i.e., /a/ in a /ra/-/la/ continuum. Thus, our three series of the /ra/-/la/ continuum (Series 1, Series 2, and Series 3) had different formant frequencies for the steady state of /a/. The series were generated by using XKL [7, 8] . F1t, F2t, and F3t were decided on the basis of utterances of three male speakers, i.e., Speaker 1, Speaker 2, and Speaker 3, from the TIMIT corpus [9] . For each speaker, F1, F2, and F3 were obtained from the steady state of the vowel [2] in ''pronunciation'' in the following sentence: ''Clear pronunciation is appreciated.'' The series created on the basis of Speaker 1 was called Series 1, and so on. The values of F1, F2, and F3, which respectively equal the values of F1t, F2t, and F3t, are provided in Table 1 .
Next, we added transitions to the formant frequencies of the steady state, or the terminal frequencies. The transitional conditions were set to be equal in the following manner. First, the values of the starting frequencies of the transitions (F1s, F2s, and F3s in Fig. 1 ) were found by multiplying the terminal frequencies by the ratio provided in Table 2 . The ratio in Table 2 corresponds to that of the starting frequencies to the ending frequencies of the stimuli created by MacKain et al. [3] . Next, we linearly interpolated both ends of the frequencies in the transitions. For example, in the case of the F2 transition of Series 1, its F2s at each step was specified by multiplying the F2 of Speaker 1 in Table 1 by the ratio given in Table 2 . After finding F2s, we interpolated F2s and F2t linearly. For F3, there was also a point of inflection (F3i) at 135 ms (see Fig. 1 and Table 2 ). F3i was found in the same way as F2s.
The same method was used for F1. However, note that F1s was identical among the steps because the F1 transitional variation was temporal not spectral. F1 varied in terms of the time point where the transition started ascending. Following Polka and Strange [2] , the F1 temporal characteristic was varied in ten equal steps from Step 1 at 10 ms to
Step 10 at 55 ms for every series. For Step 1, for example, the transition started ascending to the end frequency at 10 ms, and so on.
The stimuli also contained the fourth (F4) and fifth (F5) formants. Their values were identical among the series and were the default values of the synthesizer (see Fig. 1 ). Because these formants have not been focused on as important factors for the /r/-/l/ contrast [1] [2] [3] [4] , we assumed that using default values for these formants would not affect the present investigation. In addition, the values of F0 were obtained from the original utterances of the speakers.
The length of a syllable was 350 ms including 100 ms rising and falling periods. Digital outputs from the synthesizer (16-bit resolution and 10 kHz sampling rate) were converted to 16-bit resolution with a 16 kHz sampling rate.
Experiment

Participants
Five native speakers of English with normal hearing served as the participants (mean age = 23.2 years old).
Procedure
Participants completed an AXB discrimination test followed by a two-alternative-forced-choice (2AFC) identification test. Stimuli were presented diotically via Sennheiser HDA 200 headphones at a listening level comfortable to the participants in a sound proof studio. All sessions were carried out using Praat software [10] . The whole experiment took approximately 30 mins. No feedback was given during the experiment.
AXB discrimination
Participants judged whether the second sound matched the first sound or to the third sound. The inter stimulus duration was 0.3 s. For each series, listeners made 16 judgments for each of eight syllable pairs that were two steps apart along a continuum. The total number of judgments was 384 (16 judgments Â 8 pairings Â 3 series). Trials were blocked by three series of the continuum, and stimuli were presented within each block. A practice without feedback was given before the experiment.
2AFC identification
Participants identified a syllable either as ''ra'' or ''la.'' They heard four repetitions of one syllable. Thus, participants made a total of 120 judgments (4 repetitions Â 10 stimuli Â 3 series). A practice without feedback preceded the main task.
Results
One participant was excluded from the analysis because of her misunderstanding of the tasks.
2AFC identification
For ease of discussion, the results of the identification task are provided first. The plotted scores in Fig. 2 represent the percentage response of /ra/ calculated for each listener. Figure 3 shows the results for Series 1, Series 2, and Series 3. From the identification functions, we expected a discrimination peak at pair 5-7, which crossed the categorical boundary (the cross-boundary pair), for all series. To assess the difference in performance between the cross-boundary pair and the other pairs, we combined the results for the /r/-side of pairs (within-/r/ pairs), and the /l/-side of pairs (within-/l/ pairs). The correct rates were compared among the three types of pairs, i.e., the cross-boundary pair, the within-/r/ pairs, and the within-/l/ pairs. ANOVA with repeated measures found the main effect of the pair type for Series 1 (Fð2; 6Þ, p ¼ 0:002) and Series 2 (Fð2; 6Þ, p ¼ 0:024). There was no main effect for Series 3 (Fð2; 6Þ, p ¼ 0:869). Further post-hoc testing was carried out for Series 1 and Series 2. For Series 1, the correct rate for the cross-boundary pair was significantly higher than that for the within-/r/ pairs (p ¼ 0:014) and that for the within-/l/ pairs (p ¼ 0:009). For Series 2, the significance was marginal: p ¼ 0:073 for the cross-boundary pair versus the within-/r/ pairs and p ¼ 0:058 for the cross-boundary pair versus the within-/l/ pairs.
Discussion and conclusions
Although the slopes of the identification functions seemed to vary slightly, listeners' perception similarly changed from /ra/ to /la/ according to the change in formant transitions in all series. In addition, the location of the categorical boundary was almost identical among the three series. Therefore, the identification functions of the three series with different end frequencies were shown to be nearly equal. In contrast, the discrimination functions appeared to differ. A discrimination peak was obtained only for Series 1 and Series 2. The function of Series 3 did not have an obvious peak.
The small distance between the terminal frequencies of the second and third formants, i.e., F2t and F3t, may account for the irregular discrimination function of Series 3. The distance between F2 and F3 of Series 3, i.e., 960 Hz (Table 3) , was smaller than that of the other series. For the steady state of the vowel /2/, the distance between F2 and F3 of less than 1,000 Hz is particularly small [11, 12] (Table 3 ). Thus, it is possible that a peak in the discrimination function is observable only when F2 and F3 are separated sufficiently. In a further investigation, the effects of the distance between F2 and F3 on discrimination judgments should be clarified in detail using sufficient data. 
